. We have previously isolated two independent cDNA clones from a rat vascular smooth muscle cell (VSMC) cDNA library having identical open reading frames encoding ATIa receptors.5 However, the two cDNAs, termed pCal8b and pBa23.i401, differ in their 5' and 3' untranslated sequences. Identified within the 5' untranslated region of clone pCal8b is an 89-bp sequence not present in the corresponding region of clone pBa23.i401, although the two cDNAs share an otherwise identical sequence in their 5' untranslated region. Furthermore, an additional 1 kb of cDNA sequence is found in the 3' untranslated region of clone pBa23.i401 after the corresponding terminal polyadenylated stretch of clone pCal8b. These observations suggest that the differences in sequence between the two AT,, receptor cDNAs arise from alternate splicing of exons from a common gene. In support of this, preliminary evidence has been presented suggesting that the promoter region of the AT1, receptor gene is separated from the receptor coding region by at least one intron.12 However, this study did not present other evidence of the AT1a receptor gene structure or functional activity of the putative promoter region. To clarify this issue more completely and to begin to explore the regulated expression of the AT1a receptor gene, we screened Sprague-Dawley rat by guest on July 16, 2017
bp and 89 bp in size, respectively, encoding the alternately spliced 5' untranslated mRNA sequence. Six additional clones overlap each other but do not overlap the set of clones from the 5' flanking region of the gene. These contain a single 1977-bp exon that encodes 900 bp of the 5' and 3' untranslated sequences in addition to a 1077-bp open reading frame identical to that found in vascular smooth muscle cell AT^. receptor cDNAs. Primer extension and RNase protection studies indicate that the transcription start site for this gene begins 9 bp upstream from the most 5' sequence found within the ATia receptor cDNAs. Our mapping studies of the cloned gene, which so far includes an uncloned gap within the second intron, indicate that the transcription start site is no less than 67 kb upstream from the receptor coding exon. Promoter-reporter assays were performed by transfection of vascular smooth muscle cells with deletions of a 3.2-kb promoter region fused to a luciferase cDNA reporter plasmid. Relatively strong basal transcriptional activity is observed from the 5'-most 2 kb of the promoter and diminishes markedly with deletions within 1 kb of the early promoter region, suggesting strong promoter elements in the more upstream regions of the gene. Deletion of a 53-bp early promoter region containing the transcription start site and a putative TATA box completely abolishes the ability of upstream elements to drive transcription of the luciferase cDNA. These results indicate that we have isolated the AT18 receptor gene and its functional promoter. (Circ Res. 1993; 73:612-621.) KEY WORDS * ATia receptors * transcriptional activity * vascular smooth muscle cells * gene angiotensin T he circulating hormone angiotensin II is a principal determinant of blood pressure and fluid volume in vertebrates.1 Its diverse physiological and biochemical actions are mediated in part by activation of cell surface GTP-protein-coupled receptors, termed AT, receptors.2.3 AT1 receptors are expressed in a variety of tissues including vascular smooth muscle, kidney, adrenal gland, liver, and reproductive organs and within discrete regions of the central nervous system.4 DNA clones encoding AT1 receptors have been isolated from rat,5 bovine,6 and human7 sources. Two isoforms of AT1 receptors, termed ATia and ATIb receptors, which are 95% identical in amino acid sequence, are expressed in the rat and mouse. [8] [9] These are encoded by distinct genes under separate regulatory control, as evidenced by their tissue-specific expression pattern.8 '10,11 Takeuchi et al Rat ATia Receptor Gene genomic libraries to isolate the gene encoding the ATia receptor. Our results indicate that it is a large gene composed of at least three exons. The cloned promoter region of the gene can drive the expression of a luciferase reporter cDNA when transfected into cultured rat VSMCs.
Materials and Methods

Materials
All chemicals were purchased from Sigma Chemical Co, St Louis, Mo, unless otherwise indicated. Forskolin was purchased from Calbiochem Corp, San Diego, Calif. Restriction enzymes, cell culture media, and supplements were obtained from GIBCO-BRL, Gaithersburg, Md. Avian reverse transcriptase and T7 DNA polymerase (Sequenase) and sequencing reagents were purchased from 
VSMC Transfections
Promoter-luciferase reporter plasmid DNA for VSMC transfections were prepared by alkaline lysis of 500-mL bacterial cultures and purified using a differential precipitation protocol with LiCl and polyethylene glycol according to standard methods. 13 Rat VSMCs (strain 0413, passages 11 through 19) grown in a humidified 5% CO2 atmosphere were seeded onto 6-cm culture dishes 1 day before transfection in Dulbecco's modified Eagle medium/F-12 media supplemented with 10% heat-inactivated calf serum and penicillin/streptomycin. Transfections were performed on cells at approximately 70% confluence using a modification of the CaPO4 coprecipitation method. A 25 -,ug mixture of plasmid DNA in 450-pL deionized H20 was mixed with 500 ALL of 2x HBS (mmol/L: NaCl, 280, KCl, 10; Na2PO4, 1.5; dextrose, 12; and HEPES, 50; pH 7.05 to 7.10) and then gently mixed with 50 ,uL of 2.5 mol/L CaCI2. This was allowed to sit for 10 minutes at 22°C until a fine precipitate formed. The mixture was then added dropwise to VSMCs, which were then returned to the incubator for 6 hours. After this, the medium was aspirated, and the cells were rinsed once with 15% glycerol in phosphate-buffered saline (PBS), pH 7.4, 5) in an 0.8x50 -mm polypropylene tube. The tube was placed in a luminometer (model TD-20e, Turner Designs, Sunnyvale, Calif), 100 ALL of 1 mmol/L luciferin was injected, and integrated peak luminescence was measured over a 10-second window after a 5-second delay. When standard reagents were used under these conditions, the lower limit of detection was 0.4 fg firefly luciferase (purchased from Sigma) with an intra-assay variation of 6.8% at 40 fg firefly luciferase (data not shown). ,8-Galactosidase activity was used to normalize for variations in transfection efficiency and was determined by a 150-minute incubation of 50 ,uL cell extract with 150 ,u L of 2x 3-galactosidase assay buffer (120 mmol/L Na2PO4, 80 mmol/L Na2PO4, 2 mmol/L MgCl2, 100 mmol/L 2-mercaptoethanol, and 13.3 mg/mL o-nitrophenol-,8-D-galactopyranoside) in a final volume of 300 gAL. The reaction was stopped by the addition of 500 ,L Na2CO3, and the absorbence at 420 nm was measured on a spectrophotometer. Results Genomic Cloning, Mapping, and Analysis
Seven clones belonging to two sets of overlapping genomic fragments were isolated from a ADASHII male Sprague-Dawley rat genomic library (Fig 1) . Restriction enzyme sites for Xba I, BamHI, and EcoRI were mapped from both ends in clones ARGL3, ARGLIO, ARGL8, ARGL1, and ARGL35. This latter clone was isolated using a riboprobe prepared from the 3' end of ARGL1. Restriction fragments corresponding to overlapping domains of the genomic clones and those that hybridized to probes prepared from the AT,, receptorencoding cDNAs pCal8b and pBa23.i401 were isolated and sequenced. The 5' clone set includes ARGL3 (14 kb), ARGL10 (15 kb), and ARGL12 (15 kb Analysis  Fig 2A presents 3.4 receptor gene match perfectly. Most of these are clustered in the distal 2 kb of the promoter region. This analysis suggests that distal promoter elements may play a larger role than proximal elements in efficient basal transcriptional activation. This, in fact, appears to be the case (see below).
Determination of the Transcription Start Site
The beginning of the ATla receptor cDNA sequences is located 39 bp downstream from the putative TATA box and is shown in Fig 2 as beginning at base + 11 and ending at base +141. Primer extension analysis and RNase protection assays were performed to determine the mRNA transcription start site. The 30-base oligonucleotide primer used in primer extension assays is a reverse complement of the sequence shown in Fig 2 from position + 124 to +96. The largest extended radiolabeled DNA product we observed was 125 bp in size (Fig 3A) . This corresponds to a transcription start site located 11. iments, suggesting it is unlikely that the additional intensely radioactive but smaller fragments observed in the primer extension experiments result from alternate transcription start sites within exon 1.
Alternate 3' Transcript Processing?
The exon/intron junctions surrounding exons 1, 2, and 3 are presented in the Table. The 3' splice junctions for intron 1 and intron 2 have consensus domains for splicing of group II genes. Both introns 1 and 2 begin with a GT dinueleotide and end with an AG pair, consistent with the GT-AG splice rule. 27 The possibility of an unusual splicing event occurring at the 3' end of exon 3 is presumed from the sequence differences between the two cDNAs. Clone pCal8b ends with the sequence 5'-...TTGTAATGT[poly(A+)]-3'. The terminal pentanucleotide AATGT found in pCal8b is absent in the corresponding region of clone pBa23.i401, which instead has a 9-base stretch of polyadenylation before continuing with an additional 1 kb of 3' untranslated sequence. RNase protection studies support the hypothesis of alternate splicing in this region of the AT,3 receptor gene (Fig 4) . RNase protection of an mRNA doublet is observed when the probe used is an antisense prepared from the 3' end of clone pCal8b that spans the putative splicing polymorphism. The difference in size between these two observed protected fragments is consistent with the observed sequence differences of cDNAs pCal8b and pBa23.i401 in this region. Further. 
Southern Analysis
Southerln hybridization studies were performed using a 100-bp BstXL-Kpn I probe prepared from exon 1 ( 
5)
. This was performed to compare the hybridization patterns of restriction enzyme fragments in rat genomic DNA and DNA prepared from the genomic clones. The probe hybridizes to a single restriction fragment identically sized in both genomic DNA and in the cloned genomic DNA irrespective of the enzyme or enzyme combinations used to prepare the DNAs. This result indicates that the AT,, receptor is a single-copy gene and that the cloned DNAs are identical to the native gene in this region.
Promoter/Luciferase Reporter Deletion Analysis
Seven luciferase expression constructs containing deletions over 3.2 kb of the promoter region were prepared by ligation of restriction enzyme fragments into the enhancerless luciferase cDNA reporter plasmid poLuc.'4 Molar equivalents of the luciferase constructs were cotransfected into cultured rat VSMCs with the plasmid pSV,Bgal, so that luciferase activity could be normalized for variations in transfection efficiencies. Basal promoter activities of these fragments, as assessed by their ability to drive luciferase cDNA expression, are presented in Fig 6 as Since a contiguous overlapping gene could not be isolated, we were concerned about the relation of the 5' flanking region found in ARGL3 to the receptor coding exon represented in ARGL8. Southern hybridization restriction analysis using a 100-bp genomic DNA probe encoding a portion of exon 1 demonstrates that the cloned DNA is identical to native genomic DNA (Fig 5) . This probe also identifies a single-copy gene in rat genomic DNA, indicating that no other region of the rat genome is similar to that which has been cloned in ARGL3. This supports our conclusion that this is the promoter region of the vascular AT1a receptor gene.
We presumed that the sequence encoding the additional 1 kb of the 3' untranslated sequence found in the pBa23.i401 cDNA but not the pCal8b cDNA would be found in the 3' flanking region of the cloned gene. However, this does not seem to be the case. If this additional sequence is encoded by one or more additional exons, they must be more than 10 kb downstream from exon 3, since they are not present in these clones. activity in VSMCs.
The ability of regions of the promoter to drive transcription in rat VSMCs was tested by measuring basal transcriptional activity from promoter region restriction enzyme deletions fused to a luciferase cDNA. Each of several deletions of over 3 kb of the promoter region is capable of efficiently driving the expression of the luciferase reporter cDNA in VSMCs but not in Hela cells. This and previously discussed data strongly support our conclusion that this is the promoter region of the vascular ATla receptor gene. The smallest construct tested, p(-331/+104)Luc, consistently drives luciferase transcription to a level threefold over that seen from the promoterless construct poLuc and is therefore transcriptionally active. Our deletion analysis suggests that more distal elements are required for enhanced transcription of the ATla receptor gene. When an additional sequence from the promoter region is added in front of the luciferase cDNA, the transcription steadily increases to a maximum of 30- 
